Experimental measurements using nanosecond time resolved embedded gauges and laser interferometric techniques, combined with Non-Equilibrium Zeldovich -von Neumann -Doring (NEZND) theory and Ignition and Growth reactive flow hydrodynamic modeling, have revealed the average pressure/particle velocity states attained in reaction zones of self-sustaining detonation waves in several solid and liquid explosives. The time durations of these reaction zone processes is discussed for explosives based on pentaerythritol tetranitrate (PETN), nitromethane, octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), triaminitrinitrobenzene(TATB) and trinitrotoluene (TNT).
INTRODUCTION
It is essential to know the pressure/particle velocity history in the reaction zone of a detonating condensed phase explosive to determine the momentum produced in surrounding materials. The Non-Equilibrium Zeldovich -von NeumannDoring (NEZND) theory was developed to identify the non-equilibrium chemical processes that precede and follow exothermic chemical energy release within the reaction zones of self-sustaining detonation waves in gaseous, liquid and solid explosives (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Prior to the development of the NEZND model, the chemical energy released was merely treated as a heat of reaction in the conservation of energy equation in the ChapmanJouguet (C-J) (11, 12) , Zeldovich -von NeumannDoring (ZND) (13) (14) (15) , and curved detonation wave front theories (16) . NEZND theory has explained many experimentally determined detonation wave properties including: the induction time delays for the onset of chemical reaction; the rapid rates of the chain reactions that form the reaction product molecules; the de-excitation rates of the initially highly vibrationally excited products; the feedback mechanism that allows the chemical energy to sustain the leading shock wave front at an overall constant detonation velocity; and the establishment of the three-dimensional Mach stem structure of the leading shock wave front common to all detonations.
Along with a physical understanding of the processes that occur within the reaction zone of a detonation wave, it is also necessary to have a practical reactive flow model that can be used to predict shock initiation and detonation wave propagation in one-, two-, and three-dimensional hydrodynamic computer codes.
The Ignition and Growth model (17) has been very successful in this regard. It was formulated using compression and pressure dependent reaction rate laws and calibrated to available experimental data. Nanosecond time resolved data has been obtained using: embedded pressure gauges (18); embedded particle velocity gauges (19) ; electrical conductivity probes (20) ; and laser interferometric techniques, such as VISAR (21) and Fabry-Perot (22) , to measure free surface velocities and interface particle velocities. The average detonation wave reaction zone profiles for nitromethane, PETN, HMX, TATB and TNT have been determined and are discussed in this paper. Figure 1 illustrates the various processes that occur in the NEZND model of detonation in condensed explosives. At the head of every detonation wave is a three-dimensional Mach stem shock wave front. Behind the leading shock front in solid and liquid explosives, the phonon modes are first excited, followed by multi-phonon excitation of the lowest frequency vibrational (doorway) modes and then excitation of the higher frequency modes by multi-phonon up-pumping and internal vibrational energy redistribution (IVR) (23) . Internal energy equilibration is being studied in shocked liquid and solid explosives by Dlott et al. (24) and Fayer et al. (25) . Only after the explosive molecules become vibrationally excited can chemical reactions begin. Recently McGrane et al. (26) showed using laser shock generation methods that induction times of tens of picoseconds were required for the dissociation of nitro groups in poly (vinyl nitrate) films.
NEZND THEORY OF DETONATION
The induction time for the initial endothermic bond breaking reaction can be calculated using high pressure -high temperature transition state theory. The reaction rate constant K is given by:
where A is the pre-exponential factor, E is the activation energy, k, h, and R are Boltzmann's, Planck's, and the gas constant, respectively, and s is the number of neighboring vibrational modes interacting with the transition state. Reasonable induction reaction rate constants have been calculated for detonating solids and liquids using Eq. (1) with realistic equations of state and values of s (10). Following the induction and endothermic initial bond breaking processes, exothermic chain reactions follow in which reaction product gases are formed in highly vibrationally excited states (2) . These excited products either undergo reactive collisions with surrounding explosive molecules or non-reactive collisions with their neighbors. Some non-reactive collisions are "super-collisions" (27) in which transfer several quanta of vibrational energy. Since reaction rates increase rapidly with each quanta of vibrational energy available, reactive collisions dominate and the main chemical reactions are extremely fast. Once the chain reactions are completed, the rest of the reaction zone is dominated by vibrational de-excitation of the gaseous product molecules and solid carbon formation. These processes control the average length of the reaction zone and the approach to the equilibrium C-J state. The relative lengths of these major time dependent processes determine the average pressure -time profile of each detonation zone discussed below.
PETN DETONATION REACTION ZONES
In a Fabry-Perot study of PETN detonation, Tarver et al. (28) found that all of the experimental data could be accurately calculated using a C-J model of the PETN detonation wave. Since the Fabry-Perot system used in that study had a five to ten nanosecond time resolution, this implied that the total reaction zone length in detonating PETN was less than 10 ns. PETN is well-oxidized and forms little or no solid carbon in its reaction products (20) . Thus the formation and vibrational de-excitation of its gaseous products can proceed very rapidly without the interference of collisions with developing carbon clusters. The calculated induction time for the initial PETN decomposition reaction is a few tenths of a nanosecond (10), which is close to the experimental induction times for "super" detonation observed in PETN pressed nearly to theoretical maximum density (TMD) (28) . Thus determination of the PETN detonation reaction zone profile requires the use of subnanosecond techniques, such as new VISAR's, that are becoming available (29) .
NITROMETHANE REACTION ZONES
The liquid nitromethane detonation reaction zone has been studied by several techniques with the most recent and fastest time resolution being the "home made"VISAR studies of Sheffield et al. (29) . (4, 10) . A rapid decrease in particle velocity was then measured which lasted for about 7 ns, followed by a slower decrease that lasted for approximately 50 ns. These particle velocity results correlate well with the electrical conductivity probe measurements of Hayes (20) that show that carbon formation begins 1 ns or so behind the detonation wave front and increases to a maximum at about 5 ns, which lasts for at least 20 ns. Thus the nitromethane detonation wave profile appears to show an induction time of 1 -3 ns, rapid exothermic reaction for perhaps 7 ns, and product equilibration and solid carbon formation that lasts another 20 -50 ns. The exact location of the C-J state at which the reaction zone ends and the rarefaction wave begins can not yet be determined, because the slope differences in particle velocity or pressure values near the C-J state are very small.
HMX DETONATION REACTION ZONES
It has long been known that the main chemical energy release in detonating HMX-based explosives must occur within 20 ns to explain their detonation velocity versus charge diameter data (30) .
More recent VISAR measurements of Gustavsen et al. (31) on detonating PBX 9501 (95% HMS, 2.5% BDNPA/F and 2.5% Estane) show a rapid decrease in particle velocity for about 20 ns followed by a slower rate of decrease for several tens of ns. The measured peak pressure of approximately 40 GPa agrees well with theoretical predictions and the unreacted equation of state in the Ignition and Growth model, which was calibrated to embedded gauge and Fabry-Perot data. Figure 2 shows the experimental detonation velocity versus inverse cylindrical charge radius data (32) for PBX 9404 (94% HMX, 3% nitrocellulose, and 3% chloro ethyl phosphate) compared to Ignition and Growth reactive flow calculations which assume that 90% of the chemical energy is released within 20 ns followed by the remaining 10% being released in 80 more ns. Thus it appears that the main energy release and vibrational equilibration in detonating HMX takes about 20 ns and that solid carbon cluster formation is not complete for another 60 -80 ns.
TATB DETONATION REACTION ZONES
TATB-based explosive are oxygen poor and thus Several embedded gauge and laser interfeometry studies have shown these general features (33) . Ignition and Growth modeling of LX-17 (92.5 % TATB and 7.5 % Kel-F) and PBX 9502 (95% TATB and 5 % Kel-F) detonation has accurately calculated a great deal of one-, two-and three-dimensional experimental using a 80% energy release over the first 60 ns followed the remaining 20% released over another 240 ns (34, 35) . The experimentally measured von Neumann spike state for LX-17 is 33.5 GPa, which agrees closely with extrapolated unreacted shock Hugoniot data and the assumed unreacted equation of state used in the Ignition and Growth model. As for other explosives, the C-J state is not readily apparent from the experimental records, but a C-J pressure of 27 GPa for LX-17 can be used to predict all of the existing detonation and overdriven data.
TNT DETONATION REACTION ZONES
Like TATB, TNT is under oxidized and produces a great of solid carbon. Kury et al. (36) modeled laser interferometric data on detonating and overdriven TNT using a von Neumann spike pressure of 25 GPa, a fast reaction of 90% of the TNT in 80 ns, a slow reaction of the remaining 10% in another 200 ns, and a C-J pressure of 19 GPa. Electrical conductivity measurements in TNT (20) showed that the conductivity increased for over 100 ns behind the shock front. Thus the detonation reaction zone profile of TNT is similar to that of TATB, but the lower initial density of TNT causes lower pressures.
DISCUSSION
Average detonation reaction zone profiles have been measured by several ns resolution techniques and calculated using the Ignition and Growth reactive flow model. Experimental resolution of the threedimensional shock front structure of solid explosive detonation waves is becoming practical (37) . Temperature measurements within the detonation reaction zone are required to build more complete reactive flow models based on Arrhenius kinetics.
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